INTRODUCTION
============

Deformation of the lithosphere by seismic slip along faults dissipates energy to the immediate surroundings as heat and elastic waves. Heat effects may occasionally cause frictional melting along the slip plane, leading to the formation of pseudotachylite, a characteristic fine-grained or glassy fault rock, interpreted as the quenched melt ([@R1], [@R2]). Recently, it has been suggested that mechanical effects due to rapid loading, such as the formation of shiny "mirror" surfaces or pulverization of rocks without significant shear or "grinding," are diagnostic of seismic faulting ([@R3], [@R4]). However, these features have been found only in shallow faults ([@R5], [@R6]), and in the absence of pseudotachylites, very few criteria can be used to distinguish between unstable slip and slower creep processes along deeper faults. Here, we provide detailed descriptions of mineral microstructures formed in garnet-bearing granulites from the Bergen Arcs, western Norway, during seismic slip at deep crustal levels. Wall rock garnets reveal an intriguing coupling between crystal-plastic deformation and mass transfer during seismic slip.

The Bergen Arcs are a series of arcuate thrust sheets centered on the city of Bergen, western Norway. The investigated rocks are located in the Lindås Nappe, where anorthositic rocks are the dominant lithologies ([@R7]). The Lindås Nappe recrystallized to a granulite facies mineralogy characterized by plagioclase, clinopyroxene, orthopyroxene, scapolite, garnet, spinel, and minor amphibole at 930 Ma (million years ago) ([@R8]). During the Caledonian continent collision between Laurentia and Baltica between 420 and 440 Ma ([@R8]), fluid-induced eclogitization occurred in shear zones and breccias and along fractures. The estimated eclogitization conditions are ca. 650° to 700°C and 1.5 to 2.0 GPa ([@R9], [@R10]). Pseudotachylite-filled faults with displacements of up to 0.5 m ([Fig. 1A](#F1){ref-type="fig"}) developed in the granulites in close proximity to the eclogite facies shear zones ([@R11]). They may form as single veins ranging in thickness from millimeters to a few centimeters but also occur as a thin "matrix" between rotated granulite facies blocks in brecciated granulite areas that sometimes cover more than 100 m^2^. The pseudotachylites often display dendritic growth of eclogite facies minerals, suggesting that faulting occurred under eclogite facies conditions. Eclogite shear zones develop from the pseudotachylites ([@R12]). Away from the pseudotachylite, the granulite facies garnets are chemically homogeneous and largely inclusion-free, with a restricted compositional range (Prp~45--56~Alm~25--31~Grs~16--24~) ([@R13]).

![Seismic faulting in the lower crust.\
(**A**) A fault through lower crustal granulite (arrows) produced a millimeter-thick frictional melt zone that froze to form a pseudotachylite vein with a hydrous eclogite facies mineralogy comprising dendritic garnet, kyanite, clinopyroxene (omphacite and sodic augite), and amphibole. (**B**) Photomicrograph showing the positions of the garnets studied here \[Garnet I (Grt I) and II (Grt II)\], with respect to a ca. 1-mm-thick pseudotachylite crosscutting the plagioclase (Plg)--rich granulite. Garnet I is part of a larger garnet that was cut off by the fault. The granulite facies assemblage also includes clinopyroxene (Cpx), amphibole (Amp), and spinel (Sp). Photo credit: Håkon Austrheim, University of Oslo.](1602067-F1){#F1}

RESULTS
=======

Microstructural analysis
------------------------

Microscopic observations reveal that wall rock garnets in the immediate vicinity of the pseudotachylite have a higher density of inclusions than garnets in the original granulites. We did not observe any obvious differences in the garnet microstructure on opposite sides of the fault zone. Two garnet crystals from the pseudotachylite wall rocks were selected for detailed examination by scanning electron microscopy (SEM), electron microprobe (EMP) and electron backscatter diffraction (EBSD) analysis, focused ion beam SEM (FIB-SEM), and transmission electron microscopy (TEM) (see Materials and Methods). Both garnets are ca. 1 mm in diameter and were originally part of the granulite facies anorthositic rock.

Garnet I ([Fig. 1B](#F1){ref-type="fig"}) is in direct contact with the pseudotachylite and was cut by the fault plane so that only a "half garnet" remains as part of the wall rock. Garnet II is located about 2 mm from the pseudotachylite contact. Garnet I is transected by slightly Fe-enriched planar structures, resembling healed microfractures, some of which contain arrays of subspherical sulfide inclusions ([Fig. 2](#F2){ref-type="fig"}, A and B) of complex chemical composition (see below). Eclogite facies mineral inclusions occur pervasively throughout the garnet domain. In contrast, Garnet II contains domains that are essentially free of mineral inclusions separated by inclusion-rich bands. The inclusion-rich parts form structures akin to a fracture network ([Fig. 2C](#F2){ref-type="fig"}) that pervades the inclusion-free domains ([Fig. 2D](#F2){ref-type="fig"}). The transitions between these domains appear sharp at the resolution of the backscattered electron (BSE) images.

![BSE images of garnets.\
(**A**) BSE image of garnet in contact with pseudotachylite (Garnet I), revealing a high density of inclusions pervasively distributed in the garnet domain. Dashed white lines denote Fe-enriched linear sections (brighter in the BSE image). Some of these contain arrays of sulfide inclusions. (**B**) Close-up of sulfide-rich array (bright spots) through a garnet rich in inclusions of clinopyroxene, kyanite, amphibole, and dolomite (dark areas). (**C**) Garnet located ca. 2 mm from the pseudotachylite vein (Garnet II). (**D**) Close-up of the interface region separating relict (inclusion-free) garnet from the inclusion-rich domain.](1602067-F2){#F2}

EBSD mapping shows that the inclusion-rich parts of the garnet invariably consist of a large number of grains ([Fig. 3A](#F3){ref-type="fig"}), which we attribute to the fragmentation of a single crystal. In the following, we define grain boundaries as interfaces across which the garnet lattice orientations differ by \>10°. Interfaces with a lattice orientation difference ≤10 degrees will be referred to as subgrain boundaries. The observed fragmentation process occurred without obvious shear deformation and associated changes of the macroscopic shape of the garnets (except for some deformation of the lower left-hand side of Garnet II; [Fig. 2C](#F2){ref-type="fig"}). Garnet I is completely fragmented into an assembly of grains with an average diameter in the range of 6 to 9 μm. The orientations of neighboring grains are highly correlated (fig. S1), as expected during plastic deformation of the original crystal, and the corresponding pole figures (fig. S1, A and B) indicate that the grains have a strong crystallographic preferred orientation (CPO). [Figure 3B](#F3){ref-type="fig"} further demonstrates that the smallest grains are unevenly distributed and concentrated along planar structures in Garnet I. Domains characterized by small grains are interpreted as regions subject to relatively high stress in systems undergoing deformation by dislocation creep ([@R14]). [Figure 3B](#F3){ref-type="fig"} may thus reflect a heterogeneous stress distribution in the garnet during slip. These planar domains are often associated with arrays of sulfide-rich inclusions ([Fig. 2B](#F2){ref-type="fig"}). However, the Ca map ([Fig. 3C](#F3){ref-type="fig"}) illustrates that high-Ca inclusions (pyroxene and amphibole) and Ca-enriched garnet are focused outside the areas of the small grains. Garnet II contains large unfragmented domains (on the order of 100 μm in diameter) ([Fig. 3D](#F3){ref-type="fig"}), cut by fractures rich in amphibole and clinopyroxene inclusions. However, even the unfragmented domains show internal lattice distortions and local subgrain formation focused around the inclusion-rich fractures and other, often sublinear, bands. Mineral inclusions are seen as bright areas in the Ca map ([Fig. 3E](#F3){ref-type="fig"}) and are abundant in the inclusion-rich, fragmented domains surrounding the garnet relics. The grains and subgrains of Garnet II are, on average, somewhat smaller than those of Garnet I (2.5 to 4.0 μm in average diameter) and so are the average sizes of the mineral inclusions (see below). The strength of the CPO is similar to that in Garnet I (fig. S1, A and B).

![EBSD images of fragmented garnet crystals.\
(**A**) Orientation map of garnet grains (black lines; misorientation of \>10°) and subgrains within the Garnet I domain shown in [Fig. 2A](#F2){ref-type="fig"}. Color code shows deviation from an arbitrary reference orientation. (**B**) Spatial distribution of grain sizes. Small grains (dark) are concentrated along linear features with a slight Fe enrichment \[dashed lines in [Fig. 2A](#F2){ref-type="fig"} and in (C)\]. (**C**) Garnet grain boundaries superimposed on a Ca map, showing that patchy Ca enrichment is higher in areas dominated by large grains. (**D**) Orientation map for the Garnet II domain shown in [Fig. 2D](#F2){ref-type="fig"}. The large domain (left) is a relic of the granulite facies garnets. White bar in lower right quarter denotes position of FIB cut and TEM profile shown in [Fig. 4A](#F4){ref-type="fig"}. (**E**) Ca map of area shown in (D).](1602067-F3){#F3}

Dislocation structures, porosity, and inclusions
------------------------------------------------

FIB-SEM--assisted TEM reveals complex dislocation, (sub)grain, and inclusion/porosity substructures (see fig. S2 for the location of TEM foils excavated via FIB-SEM). [Figure 4A](#F4){ref-type="fig"} shows part of the interface (red dashed line) between the unfragmented garnet relic and the fragmented garnet domain of Garnet II. The garnet relic contains a relatively low density of free dislocations, whereas the fragmented domain shows intense (sub)grain formation, in accordance with EBSD analysis ([Fig. 3D](#F3){ref-type="fig"}). The intensely fragmented domain of Garnet I ([Fig. 4B](#F4){ref-type="fig"}) exhibits grains and subgrains with internal dislocation networks encompassed by (sub)grains free of dislocations ([Fig. 4](#F4){ref-type="fig"}, C and D). [Figure 4E](#F4){ref-type="fig"} highlights an individual grain consisting of both an area free of dislocations and a complex dislocation network, suggesting incomplete recovery during recrystallization and annealing. Isolated submicrometer-sized pores decorate the (sub)grain boundary network in both garnets ([Fig. 4F](#F4){ref-type="fig"}). Along with the pores, solid-phase inclusions are found ([Fig. 4F](#F4){ref-type="fig"} and figs. S3 and S4).

![Nanoscale structures of seismically fragmented garnets.\
(**A**) Interface (red dashed line) between relict and fragmented garnet (Garnet II). The relic shows scattered, free dislocations, whereas the fragmented domain consists of individual (sub)grains. The location of the TEM lamellae is given in [Fig. 3D](#F3){ref-type="fig"}. (**B**) Overview of the fragmented domain in Garnet I characterized by (sub)grains with high dislocation densities and (sub)grains free of dislocations (**C** and **D**). (**E**) Garnet grain, where the lower half is dislocation-free and the upper half shows a dislocation network. (**F** and **G**) Pores and inclusions along garnet (sub)grain boundaries. (**H** and **I**) Three-dimensional (3D) visualization of inclusion network in Garnet I and Garnet II (20 × 20 × 10 μm^3^). Purple area in (H) denotes interconnected amphibole along (sub)grain boundaries.](1602067-F4){#F4}

Most inclusions represent the dominant eclogite facies mineralogy (clinopyroxene, clinoamphibole, kyanite, and rutile) that formed during crystallization of the frictional melt to form the pseudotachylite. However, numerous accessory minerals, such as corundum, apatite, and Fe-Ni sulfide, were also identified ([Fig. 4G](#F4){ref-type="fig"} and fig. S5). The inclusions are too small or too intimately intergrown with other phases to enable high-quality EMP analysis. Semiquantitative analysis confirms the presence of both omphacite and sodic augite among the clinopyroxene inclusions, in agreement with an observed correlation between the spatial distribution of clinopyroxene inclusions and Na (fig. S6). High-quality analyses of the eclogite facies minerals in pseudotachylites from this area have previously been reported by Austrheim and Boundy ([@R11]) and Aasen ([@R15]) and include omphacite with up to nearly 50% jadeite component.

Many inclusions are either plate-shaped and located along the (sub)grain boundaries or L-shaped and situated at grain boundary triple junctions, suggesting that the grain boundary network existed before the formation of the inclusions. In addition, chemically complex (S-, Cl-, Fe-, Na-, Si-, K-, and Zn-containing) melt inclusions frequently occur along the (sub)grain boundary network ([Fig. 4G](#F4){ref-type="fig"} and fig. S7). A possible source of sulfur is the thermal breakdown of sulfur-rich scapolite, which locally represents as much as 5 volume % of the original granulite ([@R16]).

Nanotomography of inclusions
----------------------------

The distribution of mineral inclusions in both garnets was characterized by FIB-SEM nanotomography (see fig. S2 for nanotomography locations) ([@R17]). Garnet I, next to the fault, contains 7 volume % mineral inclusions ([Fig. 4H](#F4){ref-type="fig"}), and interconnected volumes of amphibole (purple in [Fig. 4H](#F4){ref-type="fig"}) occur along the (sub)grain boundary network. This indicates a complete wetting of the (sub)grain boundaries during fluid infiltration. In contrast, Garnet II, away from the fault, contains 2.0 to 2.5 volume % inclusions ([Fig. 4I](#F4){ref-type="fig"}) and no identifiable interconnected areas. This indicates that infiltration of fluid and melt decreases with increasing distance from the fault. The size distribution of the inclusions has a log-normal form (fig. S8), consistent with formation via nucleation and growth ([@R18]).

DISCUSSION
==========

The microstructures described above are confined to a region with a width of a few millimeters around pseudotachylite-filled fractures and arise due to seismic faulting and associated changes in the local stresses. Formation of sulfide droplets and both hydrous minerals and carbonates as inclusions in the garnets further indicates the presence of fluids and sulfide melts in these initially dry rocks during the seismic event. Preservation of original macroscopic shapes of the garnet crystals shows that the microstructures formed without substantial shear strain. In many respects, this fragmentation of garnet crystals into an assembly of smaller grains is analogous to the brittle "pulverization," which has been described in the wall rocks of shallow faults ([@R19]--[@R22]). However, the garnet pulverization observed here is associated with extensive defect generation and crystal plasticity. Fragmentation by crystal plasticity has previously been described from slip zones during rotary shear experiments in marbles ([@R23]) and from microshear zones in quartz in the brittle crust ([@R24]). A similar microstructural response to dynamic loading has been described in quartz and other minerals from impact structures ([@R25]--[@R27]) and is often referred to as "mosaicism." The mechanism behind mosaicism is still unclear, but it is often associated with planar deformation features (PDFs). PDFs have previously been described from the Bergen Arc garnets ([@R13]). However, the microstructures reported here do not appear to be preceded by PDFs, as described from impact-generated mosaic textures in quartz ([@R27]). We have chosen the term fragmentation, rather than mosaicism, to describe the origin of the structures observed here, following the terminology of Rybin *et al.* ([@R28]) for systems with abundant high-angle grain boundaries.

There has been extensive and pervasive mass transfer into the original garnet volumes from the main fault zone during the formation of the mineral inclusions. We believe that the Fe-enriched linear features in Garnet I, with their associated arrays of sulfide droplets and regions of small (sub)grains, have formed during an early stage. Their orientation at a high angle to the fault zone might indicate that they formed during a stage of compression normal to the fault zone. However, the eclogite facies mineral inclusions formed subsequent to the main stage of subgrain formation, and the volume occupied by these inclusions requires dilations of ca. 7.0 and 2.5% for Garnet I and Garnet II, respectively. Although these are maximum values, assuming no contribution from reactions involving dissolution or chemical breakdown of the garnet itself, this amount of dilation is realistic at millimeter distances from an earthquake-related shear fracture ([@R29]). The temporal evolution of stress in the wall rocks during fault slip may be highly complex, depending on factors such as fault roughness, slip rate, and asymmetries of the rock properties around the fault ([@R21], [@R29], [@R30]). The microstructural observations and associated mass transport presented here may reflect that the local stresses fluctuated between compressive and dilatant during the seismic event.

Subgrain formation in natural garnets was first reported in mantle nodules by Prior *et al.* ([@R31]) and has since been described in high-strain zones in the Alps ([@R32], [@R33]) and the Appalachians ([@R34]). In most of these cases, the garnet experienced significant shear strain, and the stress state and rate of strain are not well constrained. However, Trepmann and Stöckhert ([@R33]) provided strong evidence that garnets in mid-crustal mylonites from the Sesia Zone, Western Alps, had experienced "quasi-instantaneous shattering by synseismic loading" before shear deformation. To our knowledge, this study from the Bergen Arcs is the first to provide a detailed documentation of fragmentation and associated crystal plasticity in wall rock minerals without significant shear strain during an ancient earthquake in the deep crust. We propose that such microstructures may help in the identification of seismic events in ancient faults.

Although the seismicity-induced fragmentation affects only a modest volume of rock around the fault, the fluid-rock interactions taking place in the wall rocks of the slip zone in the microseconds of high and fluctuating stresses during an earthquake produce rocks of dramatically different rheological properties compared to the original rigid and strong granulites. In the Bergen Arcs area, the seismic events started a cascade of creep processes and metamorphic transformations, which eventually resulted in a massive reworking of the lower crust on regional scales during the Caledonian orogeny ([@R12], [@R35]). The observations reported here thus represent the incipient stages of an earthquake-triggered regional metamorphism of the deep crust.

MATERIALS AND METHODS
=====================

SEM/EMP analysis
----------------

BSE images were acquired on a Hitachi SU5000 field-emission SEM, and mineral compositions were measured by wavelength-dispersive spectroscopy with a Cameca SX 100 EMP using an acceleration voltage of 15 kV and beam currents between 10 and 20 nA. Both the SEM and EMP are located at the Department of Geosciences, University of Oslo, Norway.

Electron backscatter diffraction
--------------------------------

Crystallographic orientations of garnet and secondary phases were determined by indexing the EBSD patterns acquired with the CamScan X500FE Crystal Probe at Géosciences Montpellier (CNRS-Université de Montpellier, France) equipped with an Oxford Nordlys EBSD detector. The Crystal Probe was used at an accelerating voltage of 15 kV and step sizes of 0.35 and 0.40 μm. EBSD patterns were indexed automatically using the AZtec software from Oxford Instruments. Qualitative energy-dispersive spectroscopy (EDS) element maps were acquired concurrently to the EBSD maps using the X-Max^N^ 20-mm^2^ EDS detector of the Crystal Probe. Although almost all the patterns (96 and 93%) could be indexed automatically, some post-acquisition data treatment was done using the Tango software of the Channel 5 suite (HKL Technology) to remove small nonindexed areas within larger grains: Isolated pixels that are either nonindexed or indexed but surrounded by pixels assigned to a different phase were removed, and nonindexed pixels that have a minimum of six neighboring pixels with almost equal orientations were given the average of those orientations. Crystallographic orientations and grain sizes were analyzed and visualized using the MATLAB toolbox MTEX (version 4.3.1; <http://mtex-toolbox.github.io>) ([@R36], [@R37]). Misorientation thresholds of 10° and 1° were used during grain and subgrain identification, respectively. Grains and subgrains smaller than 10 pixels were excluded.

Focused ion beam SEM/transmission electron microscopy
-----------------------------------------------------

Electron-transparent thin foils were prepared for (scanning) STEM by using an FEI Helios NanoLab G3 FIB-SEM. The FIB-SEM was also used to acquire several slice-and-view series for 3D volume reconstructions. Slice imaging was carried out in BSE mode at 3 kV and 3.2 nA with a pixel size of 8 × 8 nm^2^ (voxel size of 8 × 8 × 30 nm^3^). All FIB-SEM nanotomography volumes were reconstructed and analyzed using FEI Avizo 9. Thin foils were investigated in an FEI Talos F200X (S)TEM equipped with four energy-dispersive x-ray spectroscopy detectors (Super-EDX). All FIB-SEM and TEM analyses were carried out at the Electron Microscopy Square, Utrecht University.
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fig. S1. Strong CPOs of fragmented garnet.

fig. S2. Position of nanotomography volumes and TEM lamellae.

fig. S3. TEM images of pores and inclusions.

fig. S4. Inclusion phases in fragmented garnet.

fig. S5. Sulfide inclusion in garnet.

fig. S6. Clinopyroxene inclusion distribution and composition.

fig. S7. Melt inclusion along the (sub)grain boundary in fragmented garnet.

fig. S8. Size distribution of inclusions.
